SUMMARY. Relatively few studies have been performed on the evaluation of offshore wind resources and these have been conducted mostly in North Europe. In Mediterranean areas the lack of such studies is mainly linked to: 1) the difficulty of meteorological monitoring in deeper waters; 2) the complex orography, frequently extending down to the coasts; 3) the sea breeze wind regimes and 4) local winds such as Bora, Mistral or Sciroc. In the North Adriatic Sea, a shallow basin of the Mediterranean, the first reason is not applicable, but the others are sufficient to make evaluating wind speed methods challenging. In the present paper we estimate the wind climatology at a platform located 15 kilometres offshore of Venice based on seven-years of data and compare it with the wind climatology obtained using five different methods using the long-term data from four coastal meteorological stations: Venezia Tessera, Venezia San Nicolò, Ronchi and Rimini. We discuss the applicability of those methods and find that WAsP® model of Risø National Laboratory is still the best tool for wind climate estimates. The results of new methods are promising but still require some development.
Introduction
Relatively few studies have been performed on the evaluation of offshore wind resources and these are mainly concentrated in North Europe. The main difference between wind climatology of North Europe and Mediterranean coastal areas is that, in the latter, stability conditions other than neutral and strong sea breeze regimes are more frequent. If conditions offshore deviate significantly from near neutral (either on average or by season), the effect of stability on the wind speed profile can be substantial. Another additional difficulty of meteorological monitoring in the Mediterranean waters is their depth.
Various methods are available for predicting long-term wind speeds in offshore areas, which rely on long-term measurements at nearby land sites in comparison with short-term records offshore. In this paper, we have chosen three methods that have been used in the evaluation of wind resources at Danish offshore sites and have shown to give promising results there [1] , [2] , [5] . In addition to the above approaches we have also used two new methods.
The performance of these approaches is evaluated in the North Adriatic area. Here 7 years of hourly data collected on an oceanographic platform 15 km offshore of Venice and climatological data at four coastal stations (Venezia Tessera (VT), Venezia S. Niccolò (VSN), Rimini and Ronchi) are available. Figure 1 shows the North Adriatic Sea area and the location of the stations. In Table 1 , the coordinates of the stations, altitude a.s.l (H), the height of the anemometers a.g.l. (Ha), and the period of measurements are shown.
Methods
An overview of the different methods used to estimate the wind climatology offshore is described.
1) The standard measure-correlate-predict (MCP) [3] [4] [5] method. It assumes a linear relationship between paired site acts where one site with a long-term record acts as predictor and the wind speed at short-term measurement sites as the predictand. Once a regression equation has been conditioned based on the measurement overlap period, the regression parameters can then be used to derive an extended data record for the site of interest. This method is generally applied using one regression analysis for each wind sector. At the Danish sites [1] , [2] and [5] , MCP tends to under-predict wind speeds in comparison with offshore data, which appears to be the result of a shift in the wind speed distribution between on -and offshore.
2) Risø's Wind Atlas Application and Analysis program WasP 7.0® [6] . It calculates the wind climatology at one site from the wind climatology of long-term representative stations.
WAsP is a physically based model and uses a mean value for heat flux on-and offshore to calculate a mean stability correction and the change in roughness to adjust the momentum flux. WAsP typically gives good results except at sites that are less than five kilometres from the coast where wind speeds are predicted to be a few percent higher than those observed.
3) The Weibull correction method [1] for extrapolating wind data series is based on the concept of modifying the Weibull parameters of the short-term data series to characterise a longer data sampling period. It compares sector-based wind speed distributions at the on -and the offshore sites considering the on-shore long-term time series as representative of the area.
The Weibull shape (A) and scale (k) factors are determined for 12 sectors at both sites considering a common period and their ratio is used to modify the long-term wind speed direction distribution to represent the off-shore station. The Weibull method gives good results provided sufficient data are available to accurately characterise the wind speed distribution in each sector and the distribution conforms to a Weibull distribution.
4) WAsP applied to geostrophic wind distributions (GeoWAsP). Geostrophic wind speeds were calculated from a sea level pressure data set for the period 1985-1997. WAsP was applied to each 0.5ºx0.5º grid of the waters of the European Union assuming any nearby land had roughness length z o = 0.03m. Wind profiles were predicted for the centre of each grid for heights between 10m and 150m.
5) The Coastal Discontinuity Model (CDM). Geostrophic wind speeds and directions are calculated from the same sea level pressure data set as in 4). The CDM works in a slightly different way to WAsP in that geostrophic wind speeds are used to estimate friction velocity assuming a neutral atmosphere for each data point. Hence, instead of applying stability and land-sea corrections to the mean wind speed distribution as in WAsP, the CDM uses air and sea temperature, together with the geostrophic wind speed to calculate the stability parameter (the Monin-Obukhov length) for each grid point at each time step (input data are six-hourly).
Air and sea temperatures were given for each 1ºx1º grid, for the period 1985-1997.
Equilibrium land and sea wind speed profiles are corrected for stability. Finally the program uses the fetch distance to land at the centre of the grid point to determine the internal boundary layer (IBL) height and interpolates between equilibrium wind speed profiles over land and sea to the fetch distance accounting for the discontinuity caused in the profile by the IBL.
Data and climatology
The platform measurements are hourly values with a calm threshold of 2 ms -1 . In the other four selected meteorological stations data were taken in integer knots at the synoptic hours (0, 3, 6, 9, 12, 15, 18, 21 GMT). The mean wind speed M (m/s) and the frequency f (%) for each of the twelve sectors considered in this paper are shown in Table 2 .
In Figure 2a and 2b the mean hourly velocity and the mean monthly velocity are shown respectively for 4 stations. VSN presents behaviour similar to VT. From Figure 2a we note that in the central part of the day the wind is enhanced in the coastal areas and reduced at the platform distance. Inverted diurnal cycles with highest wind speed at night have been noted in other offshore locations [7] . The sea breeze regime might produce this effect. In Figure 2b a maximum wind speed during the spring and minimum during summer and winter time is observed. The monthly climatology of Rimini is slightly different from the climatology of Venice and Ronchi that are in better agreement.
Results.
We have applied the methodologies outlined above. The results of the application of these methods are shown below:
1) MCP.
This method is clearly not applicable in this area since we could not find satisfying correlations amongst stations. Figure 3 shows scatter plots of wind speeds measured at VT and Venice platform for sectors 60° and 150° during the seven-year period of overlapping measurements. Data are not well correlated in either of the sectors. Comparing the two scatter plots, we can note that from the 60° sector the winds measured at the platform are typically higher than the winds measured over land due to the Bora type winds that blow from northeast. In the 150° sector, data from platform are lower and comparable to the measurements over land. Unfortunately no overlapping data periods were available between the Platform and VSN.
2) WAsP. The program is not able to reproduce the wind climatology of the platform using
Rimini and Ronchi stations due to the long distance between stations and different positions along the coast, which have the effect that the two sites are subject to different meso-scale situations and different local circulations. We focus on the results obtained using data from VT ( Figure 4 and 5) and VSN ( Figure 6 ). Due to the large amount of calms (around 40%) at the two stations we have removed them in order to estimate the wind distribution. In WasP, the calms are uniformly distributed in the 12 sectors. In a region with large percentage of calms this procedure might modify the sector wise frequency distribution especially in the sectors with a low percentage. An alternative approach of distributing the calms according to the frequency distribution of the wind speed without calms was evaluated. A study has been performed on this subject and no noteworthy differences have been found. In Figure 4 and Figure 5 , the comparison between predicted and experimental mean wind speed and frequency at the platform from VT for 7 years (VT7) and for 35 years (VT35) are shown respectively. Using VT35, wind distribution improves the prediction but still WAsP overestimates the mean wind speed by 15 %. Ratios between predicted and observed data are between 0.8 and 1.2. In Figure 6 , the prediction of mean wind speed and frequency at the platform using data at VSN are shown. The frequency distribution is in better agreement than for VT35 especially in the sectors where the wind blows from the sea sectors (150°-210°).
However, VSN under predicts the mean wind speed in the sea sectors (60° -210°) and overpredicts in the land sectors (240° -360°). Generally, WAsP underestimates the wind at the platform in the sea sectors and overestimates in the land sectors.
3) The Weibull correction method. This method has been applied using the 7 years overlapping time series of VT and correcting the Weibull A and k parameters using the 35 years of VT. The results are shown in Figure 7 . The method reproduces the frequency distribution in all sectors well, except for the two land fetch sectors. The wind speed is overestimated between 60° and 240 °. This is a weakness of the method, which uses a longterm experimental wind distribution including its own characteristic climate.
4) The GeoWAsP. The sector wise wind speeds obtained from the model are in good agreement with the experimental values as shown in Figure 8 . The agreement between the predicted and observed wind speeds is surprising for three reasons. First the GeoWAsP was applied without orography and it is expected that wind speeds in the north and east sectors are influenced by the topography and by meso-scale winds such as the Bora. This might explain the difference between the observed and predicted sector frequency in these sectors. Second, it is expected that the relationship between the geostrophic wind speed and the near-surface wind speed is more difficult to be predicted in the Mediterranean area where thermal forcing plays a larger role (GeoWAsP does not account for sea breezes). Third, the location is relatively close to the coast -GeoWAsP predictions are made for 0.5 o by 0.5 o grid squares.
5) The CDM. In the results given below the CDM was run using input data for grid 45.5N
12.5E but using the fetch distances to the platform calculated by WAsP and given in Table 2 .
The mean geostrophic wind speed at the grid is 8.64 m/s with mean air and sea temperatures of 283.9K and 283.6K respectively. This gives a mean wind speed profile, which is close to neutral but slightly stable with a predicted wind speed of 6.35 m/s at 15 m height (Figure 9 ).
The air-sea temperature difference tends to be large and either positive or negative driving the Monin-Obukhov to small (i.e. non-neutral) values. This is a consequence of using the temperature difference to define stability because it is very sensitive to calibration errors or to errors in the databases such as the use of a coastal (mixed land/sea) air temperature with a sea surface temperature. This could be improved using a finer grid but differences in the datasets used for air and sea temperatures would remain. Similarly, geostrophic wind speeds and predicted near-surface winds are highly correlated. The correlation coefficient is >0.99 indicates variations of stability on different timescales and by wind speed and direction. This distribution of stability conditions between the highly stable and highly unstable classes with a very low occurrence of the near-neutral class is rather unusual even for a site with relatively low mean wind speeds. In Figure 13 , the monthly average wind speed from the model is compared to the experimental averages at the platform. The two curves are in agreement showing a minimum in the summer months but the average wind speed from CDM is overpredicted, especially in winter.
Final remarks.
We have applied five methods to estimate wind climatology offshore by long-term data sets.
In Table 3 , the ratios between predicted and experimental mean wind speeds are reported for The major problems in our Mediterranean study area are: the large amount of calms and the local wind regimes such as the sea breeze that strongly influence the wind distribution.
Because of the latter problem it is not possible to use long-term time series located in a different sea breeze regime as were tried with Ronchi and Rimini. Furthermore, although for M > 4 ms -1 , a significant correlation could be found, it is not possible to apply the MCP method to the whole dataset. The main drawbacks of using either the CDM or GeoWAsP are that both models rely on the relationship between the geostrophic wind and the near-surface wind to calculate near-surface wind speeds. If this relationship cannot be predicted using the drag law (i.e. conditions close to the surface are stable, or as in this case, because meso-scale circulations such as the sea breeze dominate the local wind climate) then the prediction method will not provide a true representation of the near-surface wind resource.
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